1. Introduction {#s0005}
===============

CO~2~ emissions from the use of fossil fuels has increased significantly since 1900 and has caused an urgent demand for renewable energy alternatives ([@bib7]). During the last decades, a lot of research has been focused on identifying environmentally sustainable methods to produce renewable biofuels for replacing traditional fossil fuels ([@bib20], [@bib23]). Isobutanol is a strong candidate to be used as an alternative biofuel due to its high energy content (98% of energy content in gasoline) and lower vapor pressure compared to ethanol ([@bib31]). Moreover, isobutanol has lower O~2~ content and lower water solubility than ethanol, which means more isobutanol can be blended into gasoline while still maintaining a low O~2~ content in the final product. Hence, isobutanol is an efficient and safe fuel to be used in internal combustion engines ([@bib31]).

The most commonly used pathway for isobutanol biosynthesis is the 2-keto acid pathway, which shares precursor (α-ketoisovalerate) with [l]{.smallcaps}-valine biosynthesis pathway ([Fig. 1](#f0005){ref-type="fig"}). α-ketoisovalerate decarboxylase (Kivd) from *Lactococcus lactis* (*L*. *lactis*), which decarboxylates the α-keto acids to aldehydes, is an important enzyme in the 2-keto acid pathway and has been used in *Escherichia coli* (*E. coli*) *(*[@bib2]; [@bib34]; [@bib3]; [@bib32]; [@bib9]; [@bib19]), *Saccharomyces cerevisiae* (*S. cerevisiae*) *(*[@bib6]; [@bib8]; [@bib15]; [@bib38]), *Corynebacterium glutamicum* (*C. glutamicum*) ([@bib33], [@bib5]) and cyanobacteria for isobutyraldehyde and isobutanol production ([@bib4], [@bib35], [@bib17]) ([Table 1](#t0005){ref-type="table"}). This enzyme was characterized as a homo-tetramer, its optimal activity was observed at 45 °C (pH 6.5) and it has a high specific activity for α-ketoisovalerate ([@bib28]). Moreover, Kivd has been engineered to utilize larger substrate in order to produce longer chain alcohols ([@bib39], [@bib21]).Fig. 1Overview of the isobutanol and 3-methyl-1-butanol pathways examined in this study. *kivd* uses α-ketoisovalerate, an important metabolite for [l]{.smallcaps}-Valine and [l]{.smallcaps}-Leucine synthesis in *Synechocystis*, to produce isobutanol and uses 2-ketoisocaproate to produce 3-methyl-1-butanol. *kivd*: gene encodes α-ketoisovalerate decarboxylase; *adh*: gene encodes alcohol dehydrogenase.Fig. 1Table 1Cyanobacterial strains engineered for isobutanol production.Table 1**OrganismOverexpressed genesInitial OD**~**750**~**ConditionTiterTime (days)Reference*****Synechococus*****7942P**~**LlacO1**~**:*****alsS-ilvC-ilvD*****Nearly 150 mM NaHCO**~**3**~**, 55** **mol photons m**^**−2 **^**s**^**−1**^**450 mg L**^**−1**^**8**[@bib4]**P**~**trc**~**:*****kivd-yqhD***  ***Synechocystis*****PCC 6803P**~**tac**~**:*****kivd-yqhD*****Mid-log phaseAutotrophic (50 mM NaHCO**~**3**~**), 50**$\mathbf{\mu}\quad$**mol photons m**^**−2**^ **s**^**−1**^**, with*****in situ*****trap240 mg L**^**−1**^**21**[@bib35]**Mixtrophic (50 mM NaHCO**~**3**~**, 0.5% glucose), 50**$\mathbf{\mu}\quad$**mol photons m**^**−2**^ **s**^**−1**^**, with*****in situ*****trap298 mg L**^**−1**^**21**      ***Synechococus*****7942ΔglgC0.4--0.650 mM NaHCO**~**3**~**, 150** $\mathbf{\mu}\quad$**mol photons m**^**−2 **^**s**^**−1**^**550 mg L**^**−1**^**8**[@bib17]**P**~**LlacO1**~**:*****alsS-ilvC-ilvD*****P**~**trc**~**:*****kivd-yqhD***

Among the different isobutanol production platforms, cyanobacteria have gained great attention due to their photosynthetic metabolism that can utilize CO~2~ in the atmosphere ([@bib29]). Moreover, cyanobacteria have low nutrient requirements, high tolerance to diverse environments, and uncomplicated genetic engineering capacities ([@bib27]). The first isobutanol producing cyanobacterial strain was generated in *Synechococcus elongatus* PCC 7942 by overexpressing the acetolactate synthase (AlsS) from *Bacillus subtilis* (*B. subtilis*), acetohydroxy acid isomeroreductase (IlvC) and dihydroxy-acid dehydratase (IlvD) from *E. coli*, Kivd from *L*. *lactis*, and three different ADHs from *S. cerevisiae, E. coli* and *L*. *lactis,* respectively ([@bib4]). The engineered strain containing the *E. coli* ADH encoded by *yqhD* showed the highest isobutanol production. In the same study, increased isobutyraldehyde/isobutanol production and in vitro enzyme activities were observed after overexpressing ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). In another study from Li et al., *glgC* encoding glucose-1-phosphate adenylyltransferase was knocked out from the isobutanol producing strain, and the resulting **Δ***glgC* strain exhibited 2.5 times higher isobutanol production than the control strain expressing the same isobutanol synthesis enzymes but with an intact *glgC* ([@bib17]). Furthermore, Varman *et al.* introduced the two key genes of the 2-keto acid pathway, *kivd* (from *L*. *lactis*) and *adhA* (from *L*. *lactis*), into *Synechocystis* to demonstrate the isobutanol production capacity of this strain ([@bib35]). The different carbon partitioning in this engineered strain was also examined using ^13^C-labeled glucose and significant reduced glucose utilization was observed in the isobutanol producing strain compared to that in wild type cells.

In the present study, we expressed the α-ketoisovalerate decarboxylase encoded by *kivd* from *L*. *lactis* and four different ADHs either on a self-replicating vector or on *Synechocystis* chromosome. Gene expression and isobutanol production were compared among the resulting strains. We also demonstrated that when cultures were supplemented with isobutyraldehyde, the empty vector control strain was able to produce a relatively high level of isobutanol, indicating that *Synechocystis'* endogenous ADHs are able to effectively utilize isobutyraldehyde as substrate to produce isobutanol.

2. Methods {#s0010}
==========

2.1. Strains used in cloning, transformation and conjugation {#s0015}
------------------------------------------------------------

For cloning and conjugation, *E. coli* strain DH5 $\alpha$ and DH5 $\alpha$Z1 (Invitrogen) were used. The cells were grown at 37 °C in LB medium (agar or liquid) supplemented with 50 g ml^−1^ kanamycin (Sigma-Aldrich).

The glucose-tolerant *Synechocystis* PCC 6803 strain was used for this study. Cells were grown under 50 $\mu$mol photons m^−2^ s^−1^ at 30 °C in BG 11 medium ([@bib30]).

2.2. Plasmid construction for gene expression {#s0020}
---------------------------------------------

pEEK2 and pDDH were used in this study as shuttle vectors ([Supplement Fig. 1](#s0120){ref-type="sec"}).

pDDH is an integrative vector based on the recently reported pEERM series of vectors ([@bib11]). The homologous recombination regions in pDDH are the 1000 bp upstream sequence and the 1000 bp downstream sequence of the *slr1556* locus. The gene *slr1556* encodes the D-lactate dehydrogenase, which catalyzes formation of lactate from pyruvate in *Synechocystis*. This could be a competing pathway for isobutanol synthesis, so we decided to delete this pathway for an improved flux of pyruvate towards isobutanol synthesis.

pEEK2 is a broad host range self-replicating vector based on the previously reported vector pPMQAK1 ([@bib14]). pEEK2 was designed and constructed to utilize a bicistronic design (BCD) to avoid influence of genetic context on gene expression, and thus to make the heterologous overexpression more predictable ([@bib24]). pEEK2 also provides a simple cloning process by only requiring a single ligation step to create a fully equipped expression plasmid. The expression in pEEK2 is driven by the strong constitutive promoter P*trc*~core~ and the translation is initiated from the strongest BCD system from a previous report ([@bib24]). pEEK2 has been made available through AddGene (AddGene number: 83492).

All the heterogenous genes were codon optimized and synthesized by GenScript. All the endogenous genes were amplified using specific primers from wild-type *Synechocystis* PCC 6803 genome using Phusion Polymerase (Thermo Fisher Scientific). Xba $Ι$, BamHI, Bgl $ΙΙ$, Spe $Ι$ and Pst $Ι$ were the restriction cloning sites used to construct all the plasmids in this study. The control strains used in this study carry the corresponding empty vector.

2.3. Transformation and conjugation of *Synechocystis* {#s0025}
------------------------------------------------------

*Synechocystis* wild type cells were transformed with pDDH-based constructs by incubating 200 $\mu$l concentrated (OD~750~ = 2.5) mid-log phase (OD~750~ = 0.8) wild-type cells with 2 $\mu$g appropriate plasmid DNA in liquid BG11 medium. After growing under 100 $\mu$mol photons m^−2^ s^−1^ at 30 °C for 4 h, the cells were spread on filters on BG11 agar plates for another 24 h incubation $.$

For conjugation, *E. coli* cargo cells and *E. coli* HB101 helper cells with the plasmid pRL443-Amp^R^ were grown overnight at 37 °C. The overnight cultures were centrifuged at 3000 rpm for 5 min and resuspended in fresh liquid LB medium without antibiotics. A mixture of cargo cells (1 ml), helper cells (1 ml) and wild-type *Synechocystis* PCC 6803 cells (200 $\mu$l) was incubated under 100 $\mu$mol photons m^−2^ s^−1^ at 30 °C for 1.5 h. The mixture was then spread on a filter on a BG11 agar plate for another 48 h incubation.

For colony selection and maintenance, the filters were changed onto new BG11 agar plates with 50 $\mu$g ml^−1^ kanamycin. Colonies were analyzed by PCR using gene specific primers and DreamTaq DNA polymerase (Thermo Fisher Scientific). The correct homologous recombinants were inoculated into fresh liquid BG11 medium with 50 $\mu$g ml^−1^ kanamycin and propagated until fully segregated. The segregation was examined by PCR using gene specific primers.

2.4. Evaporation experiment {#s0030}
---------------------------

132.5 mg L^−1^ of isobutanol standard solution was prepared in BG11 medium and incubated in six cotton-cap E-flasks, and six plug-sealed tissue culture flasks. The flasks were shaken at 120 rpm, under 50 $\mu$mol photons m^−2^ s^−1^ at 30 °C. The isobutanol concentration was determined at days 0, 3, 4, 6 and 9.

2.5. Different cultivation conditions {#s0035}
-------------------------------------

Seed cultures were grown under 50 mol photons m^−2^ s^−1^ at 30 °C in BG11 with addition of 50 $\mu$g ml^−1^ kanamycin in 100 ml Erlenmeyer flasks (VWR) until OD~750~ reached 2. Each seed culture was then used to inoculate 25 ml experimental cultures to OD~750~ = 0.1 in BioLite 25 cm^2^ plug-sealed tissue culture flasks (Thermo Fisher Scientific). The medium was BG11 with addition of 50 g ml^−1^ kanamycin and 50 mM NaHCO~3~ (Sigma-Aldrich). The addition of 50 mM NaHCO~3~ supplied abundant carbon source to compete with the exceeded oxygen level in the flask in order to maintain photosynthesis. The flasks were shaken horizontally at 120 rpm, under 50 mol photons m^−2^ s^−1^ at 30 °C.

For batch cultures, 2 ml culture was sampled from each flask every day for measurements while 2 ml fresh BG11 medium with addition of 50 $\mu$g ml^−1^ kanamycin and 500 mM NaHCO~3~ was added back. The measurements continued for 7 days.

For the replenished cultures, every 4 days cells were centrifuged at 3000 rpm at room temperature and then resuspended in 25 ml fresh BG11 with addition of 50 $\mu$g ml^−1^ kanamycin and 50 mM NaHCO~3~. The measurements continued for 14 days.

For the in vivo comparison of the different ADHs, 10 $\mu$l isobutyraldehyde was added into each 25 ml 1-day old culture and also to 25 ml pure media as control. All the flasks were shaken at 120 rpm, under 50 $\mu$mol photons m^−2^ s^−1^ at 30 °C for 24 h. Then isobutanol was extracted and quantified.

2.6. RNA isolation and semi-quantitative reverse transcript PCR (RT-PCR) {#s0040}
------------------------------------------------------------------------

Total RNA was isolated from cultures (OD~750~ = 0.5) using RTI Reagent (Sigma-Aldrich) according to the manufacturer\'s instructions. Samples were digested by DNaseI (Thermo Fisher Scientific) to remove DNA and the purity of RNA was checked by PCR using RNA samples as templates and DreamTaq DNA Polymerase (Thermo Fisher Scientific). RNA concentration was measured using Nanodrop™ 2000 spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized from 100 $\mu$g RNA using the qScript cDNA synthesis kit (Quantabio). In the 22 cycles RT-PCR, 0.5 $\mu$l of cDNA and gene specific primers were used, 16 s RNA was the control.

2.7. Crude protein extraction and SDS-PAGE/Western-immunoblot {#s0045}
-------------------------------------------------------------

Proteins were extracted from day 5 cultures, 1 ml of culture was harvested by centrifugation at 5000 rpm, 4 °C, for 10 min. The pellet was washed in 2 ml PBS and collected again by centrifugation (5000 rpm, 4 °C, for 10 min). Then, 200 µl PBS was used to resuspend the pellet and this mixture was frozen in − 80 °C for 10 min followed by heating at 37 °C for 10 min. After this, 2 $\mu$l of 100 $\times$Protease Arrest (GBioscience) and 0.2 ml acid-washed 425--600 $\mu$m diameter glass beads (Sigma-Aldrich) were mixed with the cells. Cells were disrupted using the Precellys-24 Beadbeater (Bertin Instruments), program 3 $\times$ 30 s. Centrifugation was performed twice at 5000 rpm, 4 °C, 15 min each, to get a clean supernatant containing soluble proteins. Protein concentration was determined by the DC protein assay (Bio-Rad).

4 µg soluble proteins in each well were separated by SDS-PAGE, using Mini-PROTEAN TGX ™ gels (Bio-Rad), and transferred to PVDF membrane (Bio-Rad). Strep-tags were detected by Anti-Strep-tag $ΙΙ$(abcam) using standard techniques. The quantification of expression level was done using Quantity One Software (Bio-Rad).

2.8. Optical density measurement and isobutanol extraction {#s0050}
----------------------------------------------------------

From each flask (25 ml), 2.5 ml culture was sampled every 24 h for both OD~750~ measurement and isobutanol extraction. Absorbance at 750 nm was measured for 200 $\mu$l culture in 96-well plates using a micro-plate reader (HIDEX, Plate Chameleon). The remaining 2.3 ml culture was centrifuged at 5000 rpm, for 10 min. Then, 1305 $\mu$l of supernatant was transferred into a 15 ml screw cap tube, mixed with 45 $\mu$l 3000 mg L^−1^ 1-pentanol internal standard and 450 $\mu$l dichloromethane (DCM). The mixture was shaken on Multi-Tube Vortexer VX-2500 (VWR) at maxium speed for 5 min and then centrifuged at 5000 rpm, 4 °C, for 10 min. DCM phase (bottom) was transferred into 1.5 ml clear glass gas chromatography (GC) vials (VWR).

2.9. Isobutanol quantification {#s0055}
------------------------------

The extracted samples were analyzed on a PerkinElmer GC 580 system equipped with a flame ionization detector and an Elite-WAX Polyethylene Glycol Series Capillary column, 30 m $\times$0.25 mm $\times$0.25 $\mu$m (PerkinElmer). Nitrogen was the carrier gas, with 10 ml/min flow rate. The temperatures of injector and detector were 220 °C and 240 °C, respectively. The initial oven temperature was 50 $℃$ and then raised to 100 °C with a rate of 10 °C min^−1^ followed by a rise to 180 $℃$ with a rate of 20 °C min^−1^. The GC results were analyzed using TotalChrom Navigator version 6.3.2. The retention time was determined using 500 mg L^−1^ isobutanol, 3M1B, and 1-pentanol standards (VWR). A standard curve was made by measuring extractants from BG11 medium with different amount of isobutanol/3M1B (2.5 mg L^−1^, 5 mg L^−1^, 10 mg L^−1^, 25 mg L^−1^, 50 mg L^−1^) and 100 mg L^−1^ of the internal standard 1-pentanol. The amount of isobutanol in the sample was calculated based on the ratio of its signal peak area and that of the internal standard.

3. Results {#s0060}
==========

3.1. Isobutanol evaporation examination {#s0065}
---------------------------------------

During cultivation, there is a significant risk of losing isobutanol due to evaporation through the air exchange in cotton capped E-flasks. Therefore, we firstly determined the amount of evaporation of isobutanol in both plug-sealed tissue culture flasks (closed system) and cotton capped E-flasks (open system). Isobutanol evaporation from the tissue culture flasks could barely be detected ([Fig. 2](#f0010){ref-type="fig"}) while around 64% of the isobutanol evaporated from the cotton cap E-flasks in 6 days, and only around 22% remained at day 9. Based on these observations, we grew all the engineered strains in plug-sealed tissue culture flasks.Fig. 2Comparison of isobutanol evaporation in open and closed systems. Open system: cotton cap E-flasks. Closed systems: plug-sealed tissue culture flasks. The flasks were incubated for 9 days and isobutanol concentration was measured in days 0, 3, 4, 6 and 9. Result represents the mean of six technical replicates, error bars represent standard deviation.Fig. 2

3.2. Enhancement of isobutanol production via different synthetic biology approaches {#s0070}
------------------------------------------------------------------------------------

To get heterologous isobutanol production in *Synechocystis*, we selected the α-ketoisovalerate decarboxylase from *L*. *lactis* ([@bib28], [@bib4]) and four different ADHs, *yqhD* and *yjgB* from *E. coli*, and *slr0942* and *slr1192* from *Synechocystis* ([@bib3], [@bib12], [@bib36]). We initially used the pDDH vector for overexpressing the isobutanol pathway on the chromosome with simultaneous deletion of the competing lactate synthesis pathway ([Fig. 1](#f0005){ref-type="fig"}). An empty vector control strain Syn-pDDH and four isobutanol producing strains each containing *kivd* and a different ADH were made; Syn-IB-1 (*yqhD*), Syn-IB-2 (*yjgB)*, Syn-IB-3 (*slr0942*) and Syn-IB-4 (*slr1192*) ([Fig. 3](#f0015){ref-type="fig"}A). P*psbA2 (*[@bib18]*)* promoter and RBS\* ([@bib13]) were used to drive the transcription and translation of the two genes, respectively. RBS\* is complementary to *Synechocystis*' anti-SD (Shine-Dalgarno) sequence and it has a 9 bp optimal spacing between the core SD sequence and the start codon. Thus, in *Synechocystis*, it shows 5 times higher strength compared to the BioBrick RBS BBa_B0034 ([@bib13]).Fig. 3Schematic presentation of all the engineered *Synechocystis* strains. *adh*: alcohol dehydrogenases. *kivd*: encodes α-ketoisovalerate decarboxylase (*L*. *lactis*); *yqhD*: encodes alcohol dehydrogenase (*E. coli*); *yjgB*: encodes alcohol dehydrogenase (*E. coli*); *slr0942*: encodes alcohol dehydrogenase (*Synechocystis*); *slr1192*: encodes alcohol dehydrogenase (*Synechocystis*). A) Constructs used to generate strains where the isobutanol pathway is expressed from the P*psbA2* promoter in the *slr1556* locus on *Synechocystis* chromosome. B) Constructs used to generate strain Syn-IB-5 which has the *kivd* and *slr1192* operon driven by P*trc*~core~-BCD in the *slr1556* locus on *Synechocystis* chromosome. C) Constructs for the isobutanol pathway driven by P*trc*~core~-BCD on a self-replicating vector. D) Construct with only *kivd* overexpressed on a self-replicating vector. All alcohol dehydrogenases were Strep-tagged at the N-terminal and in B), C) and D), *kivd* was Strep-tagged at the N-terminal. RBS\* ([@bib13]) was added in front of each gene to allow initiation of translation.Fig. 3

The transcription of all the genes was confirmed using RT-PCR ([Fig. 4](#f0020){ref-type="fig"}A upper) and the translation of *kivd* could be detected on a Coomassie stained SDS-PAGE ([Fig. 4](#f0020){ref-type="fig"}A lower). The Strep-tag Western-immunoblot showed expression of *yjgB, slr0942 and slr1192,* whereas the expression level of *yqhD* was too low to be detected. Similar growth was observed from all the strains ([Fig. 4](#f0020){ref-type="fig"}B), and isobutanol production was measured at day 3, 5 and 6. All strains produced only small amounts of isobutanol, below 0.5 mg L^−1^ OD^−1^, and no significant differences in production among the strains were detected ([Fig. 4](#f0020){ref-type="fig"}C).Fig. 4Comparison of isobutanol production in engineered *Synechocystis* PCC 6803 strains Syn-IB-1, -2, -3, -4, -5, and -6. A) RT-PCR, SDS-PAGE and Strep-tag Western-immunoblot (top to bottom). Every dashed line separated each lane represents the results from a single engineered strain. --RT is a negative RT-PCR control using RNA as template without addition of RT enzyme to control for possible DNA contamination. The positive control is an RT-PCR carried out using the corresponding plasmid as template. Red arrows in the SDS-PAGE indicate the location of *kivd*, blue arrows indicate the expected location for *slr1192*. The Strep-tag Western-immunoblot examines the expression of all the ADHs. The negative control for SDS-PAGE and Western-immunoblot is an extract from strain Syn-pDDH. B) Growth curve during 7 days of cultivation. C) Isobutanol production at day 3, day 5 and day 6 from the different engineered strains. Results are the mean of 4 biological replicates and 3 technical replicates, error bars represent standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4

A possible explanation for the low production of isobutanol could be that the expression of *kivd* and ADHs was not high enough. To attempt to increase expression, we changed the P*psbA2* promoter region in Syn-IB-4 (containing *kivd* and *slr1192*) to the strong P*trc*~core~ promoter with a BCD construct ([@bib24]), thereby generating the strain Syn-IB-5 ([Fig. 3](#f0015){ref-type="fig"}B). Strain Syn-IB-6 ([Fig. 3](#f0015){ref-type="fig"}C) was also made, where *kivd* and *slr1192* were placed in the self-replicative vector pEEK2 instead of in the genome, which has been reported to increase the level of expression ([@bib25]). Interestingly, the transcription and translation levels of *kivd* were found to be step-wise increased comparing the strains Syn-IB-4, Syn-IB-5 and Syn-IB-6 ([Fig. 4](#f0020){ref-type="fig"}A) ([Table 2](#t0010){ref-type="table"}). This pattern was also shown on the Strep-tag Western-immunoblot detecting *slr1192* ([Fig. 4](#f0020){ref-type="fig"}A) ([Table 2](#t0010){ref-type="table"}). At day 6, the isobutanol production observed in strain Syn-IB-5 was 0.48 mg L^−1^ OD^−1^, only slightly increased compared to that from Syn-IB-4. In contrast, a significant increase was shown in strain Syn-IB-6. At day 3, a production of 0.96 mg L^−1^ OD^−1^ was detected, and it reached 1.94 mg L^−1^ OD^−1^ at day 6, which was more than 4 times as much as that in Syn-IB-5 ([Fig. 4](#f0020){ref-type="fig"}C).Table 2Expression quantification for Kivd and ADHs. The expression level of each protein is presented by the corresponding band intensity per mm^2^ on SDS-PAGE.Table 2**StainKivd expression (intensity mm**^**2−1**^**)ADH (*****slr1192*****) expression ( intensity mm**^**2−1**^**)Syn-IB-41768.581792.85Syn-IB-54758.773541.15Syn-IB-611,767.735102.74Syn-IB-711,621.0514,390.42Syn-IB-812,196.9156,637.99Syn-IB-911,572.8223,948.11pEEK2-*****kivd*****16,405.52**--

3.3. Comparison of different ADH in vivo {#s0075}
----------------------------------------

Based on the improvement on expression and isobutanol production when using a self replicative vector with a stronger promoter, we decided to express Kivd and remaining ADHs from the pEEK2 vector, resulting in the strains Syn-IB-7 (*yqhD*), Syn-IB-8 (*yjgB*) and Syn-IB-9 (*slr0942*) ([Fig. 3](#f0015){ref-type="fig"}C). At the same time, we constructed the strain pEEK2-*kivd* ([Fig. 3](#f0015){ref-type="fig"}D), which only expressed Kivd without any additional copy of ADH.

All these engineered strains showed stronger transcription and translation of *kivd* and ADHs compared to strains Syn-IB-1, -2, -3, -4 where the cassettes were placed on the chromosome ([Fig. 5](#f0025){ref-type="fig"}A). The expression level of the four different ADHs varied significantly and *yjgB* was the highest expressing one ([Fig. 5](#f0025){ref-type="fig"}A lower). The initial growth from all the strains was similar, but the empty vector control strain Syn-pEEK2 and strain Syn-IB-8 reached a higher final OD~750~ ([Fig. 5](#f0025){ref-type="fig"}B). Isobutanol production from Syn-IB-6, 7, -8, and -9 were similar to each other, reaching around 2 mg L^−1^ OD~750~^−1^ after six days of cultivation ([Fig. 5](#f0025){ref-type="fig"}C). Surprisingly, strain pEEK2-*kivd* gave slightly higher isobutanol production than the other strains, indicating that endogenous *Synechocystis* ADHs are enough to fully catalyze the formation of isobutanol from isobutyraldehyde, and that additional ADH expression in strains Syn-IB-6, -7, -8, -9 does not contribute to increased levels of isobutanol production.Fig. 5Comparison of growth, gene transcription, translation and isobutanol production in engineered strains Syn-pEEK2, pEEK2-*kivd*, Syn-IB-7, -8, -9 and -6. A) RT-PCR, SDS-PAGE and Strep-tag Western-immunoblot (top to bottom). Each lane represents the results from a single engineered strain. --RT is a negative RT-PCR control using RNA as template without addition of RT enzyme to control for possible DNA contamination. The positive control is an RT-PCR carried out using the corresponding plasmid as template. Red arrows indicate the location of *kivd*, blue arrows indicate the expected location for different AHDs. The first row of the Strep-tag Western-immunoblot shows the expression of *kivd* and the second row shows the expression of all the ADHs. The negative control for protein gel and Western-immunoblot is the empty vector strain Syn-pEEK2. B) Growth curve during 7 days of cultivation. C) Isobutanol production at day 3, day 5 and day 6 from all the engineered strains. Results are the mean of 4 biological replicates and 3 technical replicates, error bars represent standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 5

In order to be able to examine in vivo activity of all the ADHs, we supplied 316 mg L^−1^ external isobutyraldehyde, the substrate of ADH for isobutanol synthesis, to cultures on day 1 and measured isobutanol production after 24 h. By comparing a culture grown with isobutyraldehyde to a control sample without any cells, we could clearly show that the cells were able to uptake the external isobutyraldehyde, and isobutanol was produced ([Supplement Fig. 2](#s0120){ref-type="sec"}). Production from strain pEEK2-*kivd*, 60.8 mg L^−1^ in 24 h at OD~750~ around 0.8, represents the capacity of *Synechocystis'* endogenous ADH/ADHs to utilize isobutyraldehyde for isobutanol production in this condition, and it was considered as the background value for the comparison among the other 4 strains ([Fig. 6](#f0030){ref-type="fig"}). Furthermore, we observed significant differences in the isobutanol production among the strains where different ADHs were overexpressed in the cells. Syn-IB-7 and Syn-IB-6 produced 285 mg L^−1^ and 283 mg L^−1^ isobutanol, respectively. Meanwhile, Syn-IB-8 and Syn-IB-9 produced approximately 95 mg L^−1^ isobutanol, which is one third of the production from Syn-IB-6 and Syn-IB-7. However, strain Syn-IB-6, expressing extra copies of the endogenous *slr1192*, showed less bleaching than the other strains ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6Isobutanol production and images showing the different cultures at the same time point from strains pEEK2-*kivd,* Syn-IB-6, -7, 8, and -9 after the addition of 316 mg L^−1^ isobutyraldehyde. The cultures were inoculated as OD~750~ = 0.1 and cultivated for 1 day. Then, 316 mg L^−1^ isobutyraldehyde was added into each flask and isobutanol production was measured after 24 h. The dashed line indicates the likely isobutanol production level from naturally existing *Synechocystis* endogenous ADH in each strain. The culture pictures were taken when isobutanol samples were taken from the flasks (at day 2), and a culture without the additional isobutyraldehyde was used as a control for each strain. Results are the mean of 2 biological replicates and 3 technical replicates, error bars represent standard deviation.Fig. 6

3.4. Replenished culture to enhance isobutanol productivity {#s0080}
-----------------------------------------------------------

In all the previous experiments, we observed that the growth of all the strains started to decrease after 4 days when we cultivated the cells in BG11 with addition of 50 mM NaHCO~3~ and 2 ml of 500 mM NaHCO~3~ was supplied every second day. Therefore, we grew strain pEEK2-*kivd* and changed the media every 4 days in order to remove potential salt stress from accumulated NaHCO~3~ and to examine for how long the cells can keep the capacity to synthesize the products. During the 14 days of cultivation with the media refreshed every four days, both isobutanol and 3-methyl-1-butanol were measured. The latter is a by-product from isobutanol synthesis ([Fig. 1](#f0005){ref-type="fig"}). By continuously replenishing with fresh media, the cells could reach a higher cell density while still maintaining the productivity for both products ([Fig. 7](#f0035){ref-type="fig"}). To calculate the total production of isobutanol and 3-methyl-1-butanol in the replenished cultures, we summarized the amount of the two products respectively, and normalized them by cell dry weight at the last measurement day. 16.8 mg g^-1^ DCW isobutanol and 9.8 mg g^-1^ DCW 3-methyl-1-butanol were produced in the replenished cultures during 14 days and 7.1 mg g^-1^ DCW isobutnaol and 4.3 mg g^-1^ DCW 3-methyl-1-butanol were produced in the non-replenished cultures during 10 days.Fig. 7Growth and isobutanol/3-methyl-1-butanol productivity from the replenished cultures and the non-replenished cultures of strain pEEK2-*kivd*. Not replenished cultures were monitored for 8 days while the replenished cultures were monitored for 14 days. Isobutanol and 3-methyl-1-butanol was measured every second day and the specific productivity was calculated by dividing the production (mg L^−1^) with time (2 days). Results are the mean of 3 biological replicates and 2 technical replicates, error bars represent standard deviation.Fig. 7

4. Discussion {#s0085}
=============

*Synechocystis* has been used to produce several alcohols, e.g. ethanol ([@bib10], [@bib12]), 1-butanol ([@bib1]), and isobutanol ([@bib35]). Extra copies of heterologous or endogenous ADH were always co-expressed with the other genes in the biosynthesis pathways. In the present study, we have examined the isobutanol producing capacity of naturally occurring *Synechocystis* ADHs for the first time. The comparison of isobutanol production from strain pEEK2-*kivd* with and without the addition of isobutyraldehyde indicates that the ADH substrate produced by overexpressed *kivd* in this study is not enough to saturate *Synechocystis* endogenous ADHs. This is the reason why we could not observe any significant difference in isobutanol production among the strains harboring different ADHs without the addition of external isobutyraldehyde to the media. Hence, when the substrate for ADHs is limited, the step-wise increased isobutanol production we observed from strains Syn-IB-4, -5, -6 was not related to the increased expression level of *slr1192* but *kivd* ([Fig. 4](#f0020){ref-type="fig"}) ([Table 2](#t0010){ref-type="table"}). In addition, the slightly higher isobutanol production from strain pEEK2-*kivd* is also positively related to the higher expression level of *kivd* in this strain compared to strains Syn-IB-6, -7, 8, -9 ([Fig. 5](#f0025){ref-type="fig"}) ([Table 2](#t0010){ref-type="table"}). Thus, *kivd* is one of the likely bottleneck of this isobutanol pathway at these levels of production.

Moreover, compared to using a stronger promoter on the *Synechocystis* chromosome, overexpressing genes on a self-replicating vector gave a higher increase in the relative amount of mRNA, protein expression and isobutanol production ([Fig. 4](#f0020){ref-type="fig"}). This may be due to the different copy number of pEEK2 and *Synechocystis* chromosome. pEEK2 carries the RSF1010 replicon which have been shown to have a copy number of between 10 and 30 in *Synechocystis* ([@bib22], [@bib26]). The copy number of *Synechocystis* chromosome depends on the growth condition and normally is around 12 ([@bib16]). Therefore, a possible explanation for the higher expression from a plasmid based system, is that it provides a higher gene dosage during our 6 days cultivation period.

To compare the activity of the different ADHs in vivo, we added isobutyraldehyde to each 1-day old culture to be able to saturate *Synechocystis* endogenous ADHs and to show differences among the overexpressed ADHs. The addition of 316 mg L^−1^ isobutyraldehyde did not have any major effect on cell growth, although some retardation of growth was observed compared to the cultures without isobutyraldehyde ([Fig. 6](#f0030){ref-type="fig"}). Among the 4 different ADHs we overexpressed in this study, *yqhD* (*E. coli*) and *slr1192* (*Synechocystis*) in Syn-IB-7 and Syn-IB-6, respectively, contributed the most towards isobutanol production within 24 h while the *yjgB* (*E. coli*) in Syn-IB-8 and *slr0942* (*Synechocystis*) in Syn-IB-9 seemed to contribute only slightly more isobutanol than the background strain pEEK2-*kivd*. Furthermore, *yjgB* showed significantly higher expression than the other ADHs, 3.9 times higher than *yqhD* and 11.1 times higher than *slr1192* ([Table 2](#t0010){ref-type="table"}). This indicates that the *yjgB* encoded ADH probably has low catalytic efficiency in *Synechocystis* or this enzyme was not in active form for the most part. Nevertheless, the ADHs encoded by *yqhD* and *slr1192* seem to have better catalytic efficiency on reducing isobutyraldehyde into isobutanol. Interestingly, after 24 h in the presence of isobutyraldehyde, strain Syn-IB-6 grew till OD ~750~ = 1.16, which was higher than OD~750~ = 0.73 from strain Syn-IB-7 (data not shown), and showed less bleaching ([Fig. 6](#f0030){ref-type="fig"}). One explanation could be that *slr1192* encoded ADH has higher efficiency for aldehyde reduction than for alcohol oxidation ([@bib37]), hence, it was able to lower the concentration of isobutyraldehyde fast, resulting in better growth since isobutyraldehyde may have slightly higher toxicity than isobutanol to cyanobacteria ([@bib4]). Moreover, the expression of *slr1192* has been shown to be enhanced when the cells are exposed to different environmental stresses, e.g. salt stress and osmotic stress ([@bib37]). *slr1192* encoded ADH also has been shown to play an important role in ethanol tolerance and production in *Synechocystis*. Upon exposure to external ethanol in the media, the lack of *slr1192* resulted in reduced survival and a more bleaching phenotype compared to wild type. Furthermore, a strain overexpressing *slr1192* showed higher internal ethanol production and tolerance compared to an *slr1192* deficient strain overexpressing an ADH encoded by *adhB* from *Z. mobilis* ([@bib36]). Similarly, in the present study, another explanation for the better growth and less bleaching phenotype could be that the addition of isobutyraldehyde caused stress responses in the cells and the balance of reduction power was disturbed. The over-expression of *slr1192*-encoded ADH in strain Syn-IB-6 efficiently helped maintain an adequate intracellular NAD(H):NADP(H) ratio through its activity towards both NAD and NADP, thereby enhancing the tolerance to external isobutyraldehyde and internally synthesized isobutanol.

When we cultivated the cells in BG11 with 50 mM NaHCO~3~ and 2 ml 500 mM NaHCO~3~ was supplemented to the culture every second day, the approximately 200 mM Na^+^ thus added after 8 days potentially resulting in a salinity stress in the culture which can lead to the death of the cells. By changing the media every 4 days, we removed the potential salt stress as well as provided enough fresh nutrients to the cells, which resulted in around 2.3 times isobutanol and 3-methyl-1-butanol production increase compared to the non-replenished cultures, and the production time was prolonged to at least 14 days.

5. Conclusion {#s0090}
=============

In the present study, we found that α-ketoisovalerate decarboxylase is the only heterologous enzyme that needs to be introduced into *Synechocystis* to enable isobutanol production, and that this enzyme may be one of the bottleneck in the pathway. We extended our understanding and confirmed the high catalytic efficiency of *Synechocystis* ADH encoded by *slr1192* and *E. coli* ADH encoded by *yqhD* in the reduction of isobutyraldehyde toward isobutanol. Moreover, this study indicated that using the self-replicating vector pEEK2 to overexpress genes could result in increased transcription, translation and product formation in *Synechocystis*.

Authors' contributions {#s0095}
======================

RM and XFL performed bioinformatics research and designed part of the constructs together. RM designed most of the experiments and performed all the experiments, analyzed the data and wrote the manuscript. EE designed and made the pEEK2 vector and revised the manuscript. PiL supervised the project and revised the manuscript. PeL is the main supervisor for this project and revised the manuscript. All the authors read and approved the final version of the manuscript.

Availability of data and materials {#s0100}
==================================

The datasets used and/or analyzed during the current study available from the corresponding author on reasonable request.

Competing interests {#s0105}
===================

The authors declare that they have no competing interests.

Funding {#s0110}
=======

This work was supported by the Knut and Alice Wallenberg Foundation (project MoSE, \#2011.0067), the Swedish Energy Agency (\#11674-5), and the European Union Horizon 2020 Framework Programme under the Grant agreement no. 640720 (Photofuel).

Appendix A. Supplementary material {#s0120}
==================================

Supplementary material

The authors thank Michele Bedin from Molecular inorganic chemistry, Uppsala University, for help in the design of the isobutanol extraction method.

Supplementary data associated with this article can be found in the online version at [doi:10.1016/j.meteno.2017.07.003](http://doi:10.1016/j.meteno.2017.07.003){#ir0005}.
